The term "microbody" was originally designated as the morphological entity to define a special type of cytoplasmic organelle with finely granular matrix bounded by a single unit membrane. It has been recognized in electron micrographs of sections of cells from various animals (1-3) and plants (4) (5) (6) (7) (8) , as well as those of fungal cells such as Saccharomyces cerevisiae (9) . On the other hand, the term "peroxisome" renamed by DE DUVE (10) has been used to define the biochemical entity that was found as the exclusive particulate location of activities of catalase and other distinctive H2O2-producing oxidases. Although these two terms have been most often considered to indicate an identical organelle, a limited number reports showed an association of the peroxisomal enzyme activities with particles which were morphologically identified as microbodies (I1).
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Regarding microbodies or peroxisomes in yeast cells, pioneering and intensive studies have been made by AVERS and her colleagues (9, 12, 13) on various aspects of the organelle, particularly its in situ localization and also biochemical and morphological characterization of the isolated preparation. However, because the separation of microbodies (peroxisomes) from Saccharomyces cerevisiae yeasts growing on conventional medium was complicated by the fact that the organelle comprised only a minute portion of cytoplasmic particulates, significant contamination with mitochondrial enzymes prevented uncompromizing determination of the correlation between morphology and biochemistry of isolated peroxisomal fractions. In our previous studies on hydrocarbon-utilizing yeasts, we demonstrated that, when certain species of Candida yeasts were grown on a medium containing normal alkanes as the sole carbon source, microbodies profusely developed in the cytoplasmic area toward the logarithmic phase of growth, and that such yeasts were comparably enriched in high activities of peroxisomal enzymes (14) (15) (16) (17) (18) (19) . It is, therefore, suggested that Candida yeasts grown on normal alkanes are more preferable than any other species of cells of animal, plant, and fungal origins as the source for preparation of highly purified microbodies (peroxisomes). We also suggest that they may be useful for the unequivocal correlative study of the organelles and their biochemical characterization.
In the present paper we report the results of investigations that have led us to the development of a procedure for the isolation and purification of microbodies from normal alkane-grown Candida yeasts in a sufficiently native state. The purity and intactness of the microbody fraction was then confirmed by electron microscopic and enzymic analyses.
MATERIALS AND METHODS

Strains and culture.
Hydrocarbon-utilizable yeast, Candida tropicalis (CASTELLANI) BERKHOUT pk 233 (20) , was used in this study. This strain has been proved to have unique properties in morphology and physiology, when it was grown on a medium containing normal alkanes (C10-C13) (21, (16) (17) (18) (19) . The culture conditions were essentially the same as those described previously (18) . The organism grown on malt extract liquid medium for 22 hr was used as an inoculum. After centrifugation, the sedimented cells were resuspended in 2.5 ml of sterilized water, 1 ml of this suspension was added to 50 ml of the medium containing mixture of normal alkanes as a sole carbon source, and cells were grown aerobically at 30° on a reciprocal shaker (130 strokes/min). Cells were harvested by centrifugation at an indicated period of incubation time, washed once with saline, and then suspended in saline to give a suspension containing 0.5 g wet weight of cells per ml.
Homogenization and differential centrifugation. Aliquots of the cell suspension (16 ml) were treated with "Zymolyase" (22) to form protoplasts under the pro-Isolation and Characterization of Microbodies from Candicda Yeast 377 cedure described in our previous paper (19) . The protoplasts were collected by a low-speed centrifugation, resuspended in an equal volume (ca. 6 ml) of 50 mM potassium phosphate buffer, pH 7.2, containing 0.65 M sorbitol and 0.5 mM EDTA, and then homogenized for 3 min by a Potter-Elvehjem type homogenizer with a loosely fitting Teflon pestle at 1,300 rpm. The homogenates were then fractionated by differential centrifugation. All operations were carried out at about 0° to preserve the microbodies intact. After a low-speed centrifugation at 3,200 x g for 10 min to remove unbroken cells and cell debris (3,200 x g pellet), the supernatant fluid was centrifugated at 10,000 x g for 10 min. The resulting pellet (10,000 x g pellet) was pooled and the supernatant was centrifugated again at 20,000 x p for 15 min. The pellet thus obtained was designated as 20,000 x g pellet.
Density gradient centrifugation. The 20,000 x g pellet was gently suspended in 1.2 ml of 50 mM potassium phosphate buffer, pH 7.2, containing 0.4 M sucrose and 0.2 mM EDTA and 0.4 ml of the suspension was layered on top of a discontinuous sucrose gradient made with the same buffer. Sucrose gradients, in a total volume of 4.1 ml, were composed of 0.5 ml of 60% (w/v) sucrose as a cushion in the bottom, and 1.2 ml each of 50, 40, and 30 % (w/v) sucrose. After centrifugation at 2-4° at 100,000 x g (35,000 rpm) in a swinging bucket rotor Hitachi RPS-40A for 3 hr, the tubes were removed and pierced, and the fractions were collected.
Protein content and enzymes. Protein was determined by the method of LOWRY et al. (23), using a bovine serum albumin as the standard, and corrections were made for sucrose buffer interference. Catalase (EC 1.11.1.6) was measured by the procedure based on the titanium color reaction for hydrogen peroxide (24) . Urate oxidase (EC 1.7.3.3) was determined by the method of KALCKAR (25) with a slight modification and D-ammo acid oxidase (DAO) (EC 1.4.3.3) by the method using 2,4-dinitrophenyl hydrazine as a reagent for carbonyl compound and Dalanine as a substrate (26) . Cytochrome oxidase (EC 1.9.3.1) was determined by the method of PoLAKIS et al. (27) . The reaction mixture was 2.5 ml of 50 mM phosphate buffer, pH 7.5, 0.4 ml of reduced cytochrome c, and 0.1 ml of enzyme source to be tested. All enzyme activities were assayed by spectrophotometry with a Hitachi Perkin-Elmer 139 UV-VIS spectrophotometer. The total activity of each marker enzyme of microbodies (catalase, urate oxidase, DAO) and that of mitochondria (cytochrome oxidase) in yeasts was determined in the homogenate and fractions from protoplasts prepared as described above. Specific activities of enzymes were expressed in nmol/min/mg protein, unless otherwise indicated.
DNA determination. The purified microbody fraction obtained after discontinuous gradient centrifugation was assayed for DNA content by the diphenylamine method (28) . Contamination with nuclear and mitochondrial DNA was reduced by sucrose gradient centrifugation for purification of microbodies and it might be abolished essentially completely by preincubation of microbody fraction OSUMI, IMAIZUMI, IMAI, SATO, and YAMACUCHI Vol.. 21 with DNase I (100 µg/ml for 20 min at 0° in the presence of 5 mM MgCl2).
Electron microscopy. The microbody fractions obtained after density gradient centrifugation were immediately fixed with 2 % (v/v) glutaraldehyde in 50 mM phosphate buffer, pH 7.2, containing 0.4 M sucrose, for 2 hr at 0°, centrifuged at 20,000>< p for 10 min, and washed three times with the same buffer free of sucrose. Then they were postfixed with I % Os04 in cacodylate buffer, pH 7.2, for 2 hr (29) . After washing thoroughly with the same buffer, the fixed specimens were stained with 1.5% uranyl acetate, dehydrated, embedded in Epon, sectioned, and photographed with a JEOL JEM-100B electron microscope (19) . The protoplasts and crude pellets obtained from protoplast homogenates after differential centrifugation were also examined by an electron microscope. Thin sections of these samples were prepared by the same method as described above. Cytochemical procedures used here were those reported by NOVIKOFF and GOLDFISHER (30) for hydrogen peroxide-mediated oxidative polymerization of diaminobenzidine (DAB) by catalase (18) .
Chemicals. The normal alkane used throughout this study was a mixture of decane 23.9, undecane 46.8, dodecane 26.3, and tridecane 3.0, by weight percent. They were generously supplied by the Central Research Laboratories of Mitsubishi Petrochemical Co., Ami-machi, Ibaragi-ken. DNase, DNA, and RNA were obtained from Worthington Biochemical Corp., U.S.A. All other chemicals were purchased from Wako Pure Chemical Industries, Tokyo. Lytic enzyme, "Zymolyase", was a generous gift from Research Laboratories of Kirin Brewing Co., Takasaki.
RESULTS AND DISCUSSION
In order to estimate the growth phase at which microbodies become substantially numerous, samplings were made at appropriate intervals over a 40-hr culture period for electron microscopic analysis on thin sections of yeasts. The results indicated that the particulate structures fitting with the general cytology of the microbody increase in both frequency and size as the cell age proceeds and that the organelles become numerous at the logarithmic phase of growth. Under the present growth conditions, cultures usually attained the middle exponential phase after 15 to 17 hr of incubation. In the electron micrographs of thin sections of 16-hr cells, as typically illustrated in Fig. 1 , profiles of 20-25 microbodies per sectioned cell were seen. This number was five times greater than the number of mitochondria. It was also noted that microbodies developing in this age were relatively uniform in size and shape, most of which had unilocular spherical forms with a diameter of 0.4 ,um in average. On the other hand, the mitochondria were relatively large, about 1 µm in diameter. Cytochemical studies using DAB reaction revealed that the organelles in situ were largely catalase-positive (18) . Enzymic analyses on the 20,000>< q pellet fraction of the cells harvested at various of Microbodies from Candida Yeast 379 Fig. 1 . Electron micrograph of a whole protoplast prepared from a 16-hr culture growing in a medium containing normal alkanes (la, x 20,000) and that of a portion of the protoplast at a higher magnification (lb, x 38,000).
Microbodies are profusely encountered in the cytoplasmic area. They are relatively small and uniform in size, surrounded by a single unit membrane of 75 A in thickness, and filled with electron-dense fine granular matrix. Abbreviations : CM, cell membrane; M, mitochondrion; Mb, microbody; MbM, microbody membrane; N, nucleus. Bar is 1 µm, unless otherwise indicated. Icm. x21,000.
Electron micrograph of the 10,000 x g pellet of the protoplast homogenate.
µm, x21,000. of Microbodies from Candida Yeast 381 stages of growth showed that in 16-hr cells catalase and DAO activities were substantially high as compared with the maximum level of the specific activity of respective enzyme attained during the course of a 40-hr incubation period, although the activity of another peroxisomal enzyme, urate oxidase, was much lower (Fig. 2) . These results led us to the prediction that microbodies in 16-hr cells might be associated with an appreciable extent of peroxisomal enzyme activities sufficient to meet the biochemical criteria.
For all of these reasons, further experiments were made to isolate biologically active and morphologically intact microbodies by the use of cells grown on normal alkane medium for 16 hr. The homogenate prepared from the protoplasted cells was subjected to differential centrifugation and all the fractions were collected for assay of catalase and cytochrome oxidase activities, both of which were selected as the marker enzymes of microbodies and mitochondria, respectively. In addition, the fractions were also examined by electron microscopy.
Of all the fractions tested, the highest catalase activity was recovered in the 20,000 x g pellet with a very low cytochrome oxidase activity (Table 1) . This was in favorable agreement with the electron microscopic data which showed that the pellet fraction was remarkably enriched with particles. This result fits the general cytological description of microbodies with slight contamination of mitochondria (Fig. 3) . On the other hand, relatively high cytochrome oxidase activity as well as mitochondrial particles was rather confined to the 10,000 x rj pellet ( Table 1 , Fig. 4 ).
Further purification of the microbody-rich fraction was carried out by means of discontinuous sucrose gradient centrifugation. Figure 5 shows the distribution of protein and three peroxisomal marker enzymes across sucrose gradients. Of the 10 fractions obtained, a major protein band was located in the 4th to 6th fractions, in the range of which appeared a position of the peak of total activity of each recovered marker enzyme. A similar distribution pattern of each enzyme activity was also obtained when it was expressed on the basis of specific activity. Such localization of the protein in the middle region of the gradient in association with all of the three marker enzyme activities strongly suggests that the particulate structures associated with peroxisomal enzymes, presumably microbodies (peroxisomes), were mainly collected in these middle parts of the gradient. Although some of the proteins were recovered in lower-density fractions of the gradient, they were believed to arise from breakage or leakage of organelles during resuspension of the 20,000 x g pellet and/or migration through the sucrose gradient, because catalase and two other peroxisomal enzymes of lower specific activities were also found in these fractions. The specific activity of cytochrome oxidase in the middle and lower-density fractions of the gradient was less than 1/16 of that in the bottom fraction. This fact suggests that, from enzymic view point, at least, the microbody preparation which was collected in the middle and lower-density regions (4th to 8th fractions) is virtually devoid of contamination of mitochondria, which appeared to have a higher density. A similar gravitational correlation between the two types of cytoplasmic organelles in S. cerevisiae has also been reported by several investigators (12, 31) . However, contradictory data have been obtained by studies using mammalian cells (32, 33) , plant cells (34, 35) , and lower eucaryotes such as Euglena gracilis (36). According to these reports, microbodies or peroxisomes from these organisms have an equilibrium density equal to or higher than that of mitochondria from the corresponding cells.
Besides catalase, high activities of glyoxylate cycle have been found in several other species of normal alkane-utilizable Candida yeasts (37). It is quite likely, therefore, that microbodies that are associated with catalase and other peroxisomal enzymes may also contain some glyoxisomal enzymes, e.g., malate synthetase and isocitrate lyase, for which we have not tested here. SzABO and AVERS (12) reported that, besides mitochondria, particulate structures which contain catalase, glyoxylate oxidase, and malate synthetase are present in S. cerevisiae yeasts. It remains open to the question whether the microbody fraction obtained from C. tropicalis in the present study has more closely fitting enzymic features described for leaf peroxisomes or liver peroxisomes than the other.
Next experiment was conducted to determine whether the sucrose gradientisolated microbody fractions meet the morphological criteria for the organelle. As illustrated in Fig. 6a , electron micrographs of sections of the pellet of the 5th fraction collected after the density gradient centrifugation were largely comprised of particulate structures which resembled microbodies encountered in situ in the 16-hr cells (Fig. 1) , in which the profile of the organelle was round in contour with a diameter of 0.2-0.5 ,um, delineated by a single unit membrane, and filled inside with a finely granular electron-dense matrix without internal membranous components, although there also occurred a smaller number of more or less degraded microbodies presumably arising from fractionating and/or electron microscopic procedures. Cytochemical studies also revealed that almost all of the morphologi- cally well-preserved microbodies showed a strong reaction with DAB reagent and the degraded ones did so to a lesser extent (Fig. 6b) . On the other hand, mitochondria were scarcely detected in the 5th fraction in the gradient. Similar findings showing the predominance of morphologically intact microbodies with little contamination of mitochondria were also obtained with lower-density fractions (6th to 8th fractions). These electron microscopic data are favorably consistent with the foregoing results on the enzymic characterization of the corresponding fractions. With respect to both purity and intactness of the organelle, the microbody fractions (5th to 8th fractions in the gradient) obtained from C. tropicalis in this study appear to be advantageous over preparations from S. cerevisiae (12) and Neurospora crassa (38). It is beyond doubt that such a successful isolation of microbodies from Candida yeasts is primarily due to emergence of the organelle in extremely high frequency, as compared with other intracytoplasmic organelles, particularly mitochondria, in this yeast when grown on normal alkanes. Contrary to this, in Saccharomyces yeasts, microbodies were reported to appear much less frequently at any growth stage of cultures (39).
In some vertebral tissues a crystalline "core" has been frequently observed in the microbody (40), and this structure has been assumed as the site of urate oxidase (11) . In the present study, electron microscopic work on thin sections of protoplasts of C. tropicalis or isolated microbodies therefrom did not reveal such a crystalline inclusion in the organelle, despite the association of an appreciable activity of urea oxidase. There are several arguments that occurrence of crystalline "core" in the microbody depends on species (40, 41), cell type (32), and cell age of developmental stage (6, 42) .
SZABO and AVERS (12) and AVERS (43) reported that the S. cerevisiae microbodies (peroxisomes) become to be relatively more damaged during migration in sucrose gradient than they do in sorbitol for some uncertain reasons. A similar problem was also encountered, when microbodies were prepared from spinach beet leaves (44). Different from these situations, the microbodies from normal alkane-grown C. tropicalis are shown to resist well the sucrose gradient centrifugation, judging from enzyme activities associated and general morphology of the organelle. Although we have no explanation for this high resistance, relatively small size of the organelle might be responsible.
The microbody fractions obtained after sucrose gradient centrifugation were also tested for DNA content. After DNase treatment, in the preparation collected from 5th to 8th fractions, 6.5 ,ag of DNA per mg organellar protein was detected, supporting the prediction of the occurrence of the proper DNA of microbodies. Although the contamination with nuclear and/or mitochondrial DNA cannot be ruled out, there is a possibility that the C. tropicalis microbody has a DNA specific for the organelle, since a kind of cytoplasmic DNA different from mitochondrial DNA has been found in the microsomes from a mouse liver (45) and, furthermore, the presence of DNA has been reported in microbody-containing fractions from Euglena gracilis (36) and S. cerevisiae (46), and in glyoxysomal fractions from germinating Ponderosa pine seeds (35) 
